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New experimental results on the kinematis and the residue prodution are obtained for the
interations of
56
Fe projetiles with protons and
nat
Ti target nulei, respetively, at the inident
energy of 1 A GeV. The titanium-indued reation serves as a referene ase for multifragmentation.
Already in the proton-indued reation, the harateristis of the isotopi ross setions and the
shapes of the veloity spetra of light residues indiate that high thermal energy is deposited in the
system during the ollision. In the
56
Fe+p system the high exitation seems to favour the onset of
fast break-up deays dominated by very asymmetri partitions of the disassembling system. This
onguration leads to the simultaneous formation of one or more light fragments together with one
heavy residue.
PACS numbers: 25.40.S, 25.70.Pq, 24.10.-i, 21.10.Gv
I. INTRODUCTION
For the last deades, the investigation of the maxi-
mum exitation energy that a nulear system an hold
has remained as muh a hallenge as the desription of
the deay of a hot ollision remnant, exited beyond the
limits of nulear binding. It is ommonly assumed that
other deay modes than ssion and evaporation prevail
at high exitation energy. These modes are often de-
sribed as a simultaneous break-up of the hot system
in many parts, named multifragmentation. The exi-
tation energy above whih multifragmentation appears
is still a soure of intense theoretial and experimental
researh. A point of partiular interest is to reognise
the distinguishing traits denoting this deay mode when
the exitation is just suient for its onset. In line with
this investigation, one foremost aspet of intense disus-
sion is the onnetion of the kinematis of the residues
to the kind of equilibration proess involved in the ear-
liest stages of the deay. This question is related to the
omplementary eort in onstruting physial models to
dedue the formation ross setions of the residues when
the exitation energy of the system is taken as initial
ondition. Espeially light residues are suited for this
purpose. Several details of the deexitation mehanism
ould emerge from the kinematis of light fragments, due
to the high sensitivity in probing the Coulomb eld of the
deaying system. Moreover, the distribution of their iso-
topi ross setions arry additional signatures onneted
to dierent deay modes.
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The experimental data exploited in this work are part
of a vast experimental ampaign devoted to the olle-
tion of nulear data for the design of aelerator-driven
subritial reators [1℄ and to the investigation of spalla-
tion reations in the osmos [2℄. The full set of produ-
tion ross setions and fragment mean reoil veloities
measured in this framework for the reation
56
Fe+p and
56
Fe+natTi at energies ranging from 300 to 1500 MeV is
presented elsewhere [3℄.
A. The formation of light residues
Light residues an be generated in several kinds of pro-
esses. One of these, the binary deay of an exited
greatly thermalised omplex, named ompound nuleus,
was widely studied [4℄. We might also reall that evap-
oration of nuleons and light nulei and symmetri s-
sion are just the opposite extremes of the manifestation
of this proess: there is a gradual transition from very
asymmetri to symmetri ongurations in the division
of deaying ompound nulei, and thus all binary deays
of a greatly thermalised system an be named ssion in
a generalized sense. This generalization was introdued
by Moretto [5, 6℄. A ompound system far below the
Businaro-Gallone point [7, 8℄ (like iron-like nulei) un-
dergoes very asymmetri ssion, resulting in a harater-
isti U-shape in the mass distribution of the yields. A
minimum loated at symmetry in the yield mass spe-
trum orresponds to a maximum plaed at symmetry in
the ridge lines of the potential. In ongurations where a
heavy partner is present, the whole deay proess is domi-
nated by the binary deay, and an additional evaporation
of single nuleons would not disturb the kinematis re-
markably. Suh a proess exhibits the typial feature of
the population of the shell of a sphere in veloity spae,
in the referene frame of the mother nuleus.
2At high exitation, multifragmentation beomes the
ompeting proess to ompound-nuleus reations.
There is a fundamental dierene between the binary de-
ay of a ompound nuleus and the simultaneous disinte-
gration of a hot ollision remnant in several onstituents.
The dierene is in the kind of instabilities whih are the
reason for the deay, and is reeted in the kind and in
the time evolution of the onsequent equilibration proess
followed by the system.
A hot nuleus with an exitation energy above the
threshold for emission of partiles or lusters (inlud-
ing ssion) has the possibility to deay by any of the
open hannels. If the exited system is not too hot, the
favoured proess is a reordering of its ongurations: a
great number of arrangements are available where all nu-
leons remain in states below the ontinuum, oupying
exited single-partile levels around the Fermi surfae.
Osillations in ssion diretion are inluded in this pi-
ture as well, but too rarely the ssion barrier is reahed.
Rather seldom, ompared with this thermal haoti mo-
tion of the system, one nuleon aquires enough energy
to pass above the ontinuum and may eventually leave
the nuleus. This piture might be extended to luster
deay and to ssion. Sine this deay is a rare proess,
one evaporation event, or ssion event, proeeds after the
other, sequentially. In this proess, the ompound sys-
tem follows a dynami trajetory in deformation spae,
whih is governed by the potential-energy surfae and the
dynami properties of the ompound system, related, for
instane, to the inertia tensor and dissipation tensor. All
deays are binary.
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FIG. 1: Idealisti plot of the phase diagram of nulear mat-
ter, dedued from a Skyrme fore ([27℄ parameterised aord-
ing to [28℄). Pressure is shown as a funtion of the average
relative nuleon distane r normalized to the distane r0 at
ground state. System ongurations are drawn as possible
nal results of the expansion phase. When the thermaliza-
tion path leads to the oexistene region, out of the spinodal
region, damped density utuations our. In the spinodal
region density utuations are unstable and lead to raking.
At low density freeze-out is attained with dierent possible
partition ongurations: fragments are free to leave the sys-
tem.
If the system beomes drastially more unstable, this
piture is not valid anymore. The exploration of possible
states of the exited system inludes numerous unsta-
ble ongurations. Thus, the disintegration an not be
understood as a sequene of binary deays, but rather
portrayed as a simultaneous break-up in several on-
stituents [9, 10, 11, 12, 13℄. The disintegration is si-
multaneous in the sense that it evolves in so short a time
interval (10−22-10−21s) that the ejeted fragments an
still exhange mutual interations during their aelera-
tion in the Coulomb eld of the system. In heavy-ion
ollisions, part of the exitation ould be introdued in
the system in the form of ompressional energy. Aord-
ing to the impat parameter and the inident energy, the
interation might result in a very omplex interplay be-
tween dynami eets (beside ompression, also defor-
mation and rotation degrees of freedom) and thermal
exitation. This is the ase of entral ollisions in the
Fermi-energy range. On the ontrary, peripheral heavy-
ion ollisions at relativisti energies may be rather pi-
tured aording to an abrasion proess [14, 15℄, where
the remnant is formed by the spetator nuleons, heated
by mainly thermal energy. In this ase, the role of om-
pressional energy has minor inidene. Even with proton
projetiles, the multifragmentation regime might be a-
essible when very high exitation is introdued in the
nuleus. In reations indued by relativisti protons (but
also by very light nulei), the dynami eets of the
ollision have even smaller importane. The exitation
energy is almost purely thermal. Some authors even
attributed the spei name of thermal multifragmen-
tation to this partiular proess (see the review arti-
les [16, 17℄). It might be suggested that proton-indued
relativisti ollisions are better suited than ion-ion olli-
sions for investigating thermal properties of nulear mat-
ter (e.g. [16, 18, 19, 20, 21℄). In nite nulei, the
transition from the ssion-evaporation mode to multi-
fragmentation manifests rather smoothly. This open-
ing of break-up hannels even inspired interpretations
in line with the liquid-gas phase transition of nulear
matter [22, 23, 24, 25℄. The similarity of the nuleon-
nuleon interation with the Lennard-Jones moleular
potential suggests that innite neutral nulear matter re-
sembles a Van-der-Waals uid [26℄. As shown in g. 1,
also in the phase diagram of nulear matter an area of
liquid-gas oexistene an be dened. In this region, the
dense phase of nulear droplets is in equilibrium with
the gaseous phase of free nuleons and light omplex
partiles. Within the Hartree-Fok approximation, a-
ording to the type of Skyrme fore hosen for obtaining
the nulear equation of state, the ritial temperature
Tc was alulated to vary in a range of around 15 to 20
MeV for nulear matter [26, 27, 28℄. (One of the latest
investigations, based on an improved Fisher's model [29℄
indiated Tc = 6.7 ± 0.2MeV for nite nulear systems.
This value is soure of ontroversy, e.g. [17, 30℄). Dur-
ing the reation proess, the system explores dierent
regions of the phase diagram. Sine at relativisti en-
3ergies the ollision is related to short wavelengths, the
hot remnant should reah high positive values of pressure
P due to thermal energy (rather than mehanial om-
pression, harateristi of Fermi-energy ollisions) with-
out deviating sensibly from the initial density ρ0. It is
ommonly assumed that at this stage the system is still
not thermalised and it undergoes expansion in order to
attain equilibrium (There exist also opposite interpreta-
tions assuming thermalization already before expansion
and a suessive Big-Bang-like expansion out of equi-
librium [31℄). If the initial pressure is high enough, the
subsequent expansion ould lead to rather low densities,
and the system, after dissipating the inoming momen-
tum, ould reah a point belonging to the spinodal region.
Due to the inverse relation between pressure and density
dP/dρ < 0, this region is unstable, and density utu-
ations are magnied. The nuleus breaks apart due to
spinodal instability. The system disassembles also due
to Coulomb instability. The inlusion of the long-range
Coulomb interation in the equation of state was intro-
dued by Levit and Bonhe [28℄, with the result that
the solution of the oexistene equation vanishes above a
limiting temperature Tlim, in general muh lower than
Tc, depending on the onditions taken for the alula-
tion (see also [32, 33℄). Density utuations reet a
ontinuous evolution of the size and number of nulear
droplets from a onguration to another [34℄. If the av-
erage mutual distane among the nuleons exeeds the
strong nulear interation range (i.e. about
√
< σn > /π,
where < σn > is the average nuleon-nuleon ollision
ross setion), the break-up onguration freezes and
the formed nulei and nuleons y away freely, all arry-
ing signatures of the so-alled freeze-out temperature of
their ommon soure. From omparing results from dif-
ferent experimental approahes e.g. [18, 24, 35, 36℄ this
temperature is found to be restrited to a range of 5 to 6
MeV (orresponding to a range of exitation energy per
nuleon around 2.5 to 3.5 MeV), quite independently of
the reation. This nding, not diretly ompatible with
the phase diagram of ideal nulear matter even suggested
to searh for a harateristi temperature of fragmen-
tation [37℄. The break-up onguration at freeze-out is
expeted to reet the exitation energy of the system.
The dense phase of highly heated systems should have
the aspet of an ensemble of opious almost-equal-size
light fragments. At redued exitation, just suient
for attaining the freeze-out, the break-up partition might
evolve to more asymmetri ongurations, where the for-
mation of a heavy fragment lose to the mass of the hot
remnant is aompanied by one or more light fragments
and lusters. As an extreme, this onguration might
even redue to a binary asymmetri deay. In the ase
of a very asymmetri split of the system, the partition
multipliity has minor inuene on the kinematis of the
light ejetiles. The emission of light partiles populates
spherial shells in veloity spae and an not be easily dis-
tinguished by the kinematis from a binary deay when
large mass-asymmetries haraterize the partition. A bi-
nary or binary-like deay issued from a break-up on-
guration is a fast proess. Compared to asymmetri
ssion, asymmetri break-up deays should result in a
similar U-shape of the mass spetra of the yields. On
the other hand, break-up deays should be reeted in
the higher magnitude of the yields, and in the emission
kinematis that, still mostly governed by the Coulomb
eld, should exhibit an additional ontribution due to
the eventual expansion of the soure.
B. Measurement of light-fragment properties
Great part of the information on light-partile emission
at high exitation energies was olleted in 4-π-type ex-
periments, suited for measuring the multipliity and the
orrelations of intermediate-mass fragments [38, 39, 40℄.
Still, the measurement of orrelations and the linear-
momentum-transfer was the basis for pursuing intense
researhes on the transition from the formation of om-
pound nulei to multifragmentation [41, 42℄.
In this work, we disuss additional results derived from
new inlusive measurements of the reations
56
Fe+p and
56
Fe+
nat
Ti at 1 A GeV, eetuated in inverse kinematis
with the FRagment Separator (FRS) [43℄ at GSI (Darm-
stadt). The experimental set-up was not intended to
measure multipliity and orrelations, but to provide for-
mation ross setions and high-resolution veloity spetra
for isotopially identied projetile-like residues. The ex-
itation of the
56
Fe+p system onsists of purely thermal
energy, and it is just high enough to approah the ondi-
tions for the onset of multifragmentation. On the basis
of these data we searh for the properties of the early ap-
pearane of break-up events and their ompetition with
ompound-nuleus emission. The system
56
Fe+
nat
Ti is
ompatible with an abrasion piture. The exitation en-
ergy deposited in the projetile spetator, still mostly of
thermal nature, establishes the dominane of multifrag-
mentation in the deay proess. We will espeially dis-
uss the dierenes in the kinematis of light-fragment
emission in the two systems, onditioned by two dier-
ent levels of exitation magnitude.
II. EXPERIMENT AND ANALYSIS
PROCEDURE
The experiment was performed at GSI (Darmstadt).
A primary beam of
56
Fe was delivered by the heavy-ion
synhrotron SIS at an energy of 1 A GeV. The target
was onstituted of liquid hydrogen (with a thikness of
87.3 mg/m2) ontained in a ryostat with thin titanium
windows (36.3 mg/m2 in total), wrapped in thin Mylar
foils (C5H4O2, total thikness: 8.3 mg/m
2
) for thermal
insulation. In the target area, other layers of matter in-
terseted the ion-beam: the aelerator-vauum window
of titanium (4.5 mg/m2) and the beam-urrent moni-
tor omposed of aluminium foils (8.9 mg/m2). In or-
4der to disentangle the prodution and the physial re-
sults related to the interation with hydrogen from the
ontribution assoiated to the other materials, the whole
experimental runs were repeated in idential onditions,
after replaing the target by titanium foils having the
same thikness of the ryostat windows and wrapped in
Mylar foils having the same thikness of the ryostat in-
sulation. This proedure did not only determine the dis-
turbing ontributions in the measurement of the
56
Fe+p
system, but it also provided additional experimental data
on an other reation system. With some arbitrariness
we name titanium target (
nat
Ti) the ensemble of the
titanium foils replaing the ryostat window, the My-
lar wrapping, the aelerator-vauum window and the
beam-urrent monitor. Unfortunately, the measurement
of the
56
Fe+
nat
Ti system aounts also for non-titanium
nulei, the pollution of whih orresponds to their por-
tion in the total number of target nulei per area and is
equal to 25.9% (Al) + 7.2% (Mylar) = 33.1%. It should
be remarked that these omponents are not plaed at
the same distane from the entrane of the spetrometer.
Fragments produed in the beam-urrent monitor or in
the aelerator-vauum window ould have lower proba-
bilities to be registered in the experiment sine the angu-
lar aeptane is redued by fators of 0.33 and 0.25, re-
spetively, ompared to produts from the titanium foils
replaing the ryostat. Heneforth, we refer to the liquid
hydrogen as proton target (p). In this ase no polluting
ontributions are inluded in the nal results.
A. Nulide identiation
The reation produts were analysed with the high-
resolution magneti spetrometer FRS, onstituted of
four dipoles set in an ahromati mode. The horizon-
tal positions of the reation produts were dedued from
two plasti sintillators, the rst positioned in a disper-
sive plane after the rst two dipoles, the seond installed
in the nal ahromati plane. From the time of ight
(TOF ), evaluated between the two sintillators, the rel-
ative veloity β and the γ-fator were obtained. The
partile harge q was measured with an ionisation ham-
ber plaed in front of the ahromati plane. Sine the
reation produts were fully stripped, the nulear harge
Z = q was dedued diretly. The mass A was dedued
from the time of ight and the magneti rigidity of the
partiles aording to the relation
A
Z
=
1
c
·
e
m0 + δm
·
Bρ
βγ(TOF )
, (1)
where Bρ is the magneti rigidity of a partile,  the
veloity of light, e the elementary harge, m0 the nulear
mass unit, δm = dM/A the mass exess per nuleon. For
the purpose of the isotopi identiation, the variation of
δm with A/Z an be negleted, and a linear variation of
A/Z as a funtion of Bρ/βγ an be assumed. In g. 2,
the raw data olleting all the events measured in the
experiment are shown. Events are ordered aording to
the measured Z and A/Z so as to obtain an isotopi
identiation plot.
B. Longitudinal veloities
The measurement of the time of ight is preise enough
for an aurate identiation of the mass of the frag-
ments. Nevertheless, mainly due to the resolution and
additionally due to a slight dependene on the traje-
tory [44℄ it is not suited for a ne measurement of the
veloities of the fragments. On the other hand, one an
isotope is identied in mass and harge, a muh more
preise measurement of the veloity is obtained diretly
from the magneti rigidity of the partile
βγ = Bρ ·
1
c
·
e
m0 + δm
·
Z
A
. (2)
In this ase, the preision of βγ depends only on Bρ,
that has a relative unertainty of 5 · 10−4 (FWHM) for
individual reation produts. The absolute alibration of
the deetion in the magnet in terms of magneti rigidity
Bρ is performed at the beginning of the experiment with
a dediated alibration run using the primary beam.
Sine one single magneti onguration of the FRS se-
lets only a Bρ range of about ± 1.5%, several overlap-
ping runs have been repeated imposing dierent mag-
neti elds. While for the heavy residues lose to the
Z =10
Z =20
A/Z
Z
ZA
=
2
ZA
=
2.
5Li
6
Fe56
FIG. 2: Experimental isotopi resolution. The isotopes are
grouped in hains. One hain ollets nulei having the same
value of the dierene N −Z. The straight hain orresponds
to A/Z = 2 or N − Z = 0. On the right of this hain the
isotopes are neutron rih, on the left they are proton rih.
5projetile one or few settings were suient to over the
whole veloity spetrum, the light fragments often re-
quired more than ten runs. The Bρ sanning of 6Li,
produed in the interation with the target of liquid hy-
drogen enlosed in the ryostat onstitutes the diagram
(a) of g. 3: eah segment of the spetrum is obtained
from a dierent saling of the set of magneti elds of
the FRS. In order to obtain onsistent weightings, the
ounts of the dierent measurements were normalized to
the same beam dose. For eah magneti saling, this
normalization was obtained by dividing the orrespond-
ing segment of the spetrum by the number of projetiles
that hit the target during the orresponding run. The im-
pinging projetiles were ounted with the beam-urrent
monitor. The renormalized yields are shown in the dia-
gram (b) of g. 3. We should note that the spetrometer
aepts only the fragments emitted in a one of about 15
mr around the beam-axis in the laboratory frame, when
the reation ours in the hydrogen-target position. As
a onsequene, a light residue like, for example,
6
Li, gen-
erated in a ollision at a beam energy of 1 A GeV an be
deteted only if emitted with small transverse momen-
tum. The experimental spetrum represents the part of
the density distribution in the veloity spae seleted by
the angular aeptane of the spetrometer, projeted on
the longitudinal axis. Unfortunately, the angular aep-
tane depends on the magneti rigidity of the partiles.
As pointed out in the work [45℄, for a given set-up of the
spetrometer, the more the intersetion of the trajetory
of a partile with the dispersive or the ahromati planes
is displaed from the enters, the lower is the aeptane
angle of the FRS. The eet appears in the urved sides
of eah single segment, with the result of disturbing the
overall struture of the Bρ sanning. This distortion,
seen in the spetrum of the plot (b) of g. 3, an be su-
essfully orreted by means of ion-optial alulations
that x the dependene of the angular transmission on
the trajetory. The alulation of the ratio of the trans-
mission T relative to its maximum value is presented in
g. 4. The orreted spetrum, seen in the plot () of
g. 3, is the result of saling up the yields of the spe-
trum by the fator Tmax/T . We also hanged from a
βγ spetrum to a longitudinal-veloity spetrum and, to
simplify the analysis, the referene frame was hanged
from the laboratory to the beam frame. On the aver-
age, the projetile interats in the middle of the target.
Therefore, we take into aount the slowing down of
56
Fe in the rst half of the target, as represented in the
upper diagram of g. 5. We also onsider that the frag-
ments slowed down in the remaining half of the target
and, therefore, were emitted at higher veloity than the
one we observed. The analysis so far illustrated was re-
peated for all the isotopes produed in the interation
with the target of liquid hydrogen enlosed in the ryo-
stat. Suessively, the same proedure was applied to
the orresponding isotopes produed in the interation
with the
nat
Ti target. As all spetra are normalized to
the same beam dose, by subtrating the veloity spetra
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FIG. 3: Four steps of the analysis proedure to obtain the
observed veloity spetrum of
6
Li emitted in the reation
56
Fe+p. (a) Raw spetra of ounts as a funtion of βγ in
the laboratory frame. Eah segment results from a dierent
saling of the magneti elds of the FRS. One segment asso-
iated to the same magneti saling is marked with hathed
areas in this plot and in the two following ones. Arrows de-
limit the sanned βγ range. (b) Yields normalized to the same
beam dose. () Elimination of the angular-transmission dis-
tortion. Spetrum as a funtion of the longitudinal veloity
in the beam frame vb‖. The broad Gaussian-like hathed area
indiates the ontributions from non-hydrogen nulei. (d) All
omponents of the spetrum are omposed together averaging
overlapping points. Contributions from non-hydrogen-nulei
were suppressed. The spetrum was divided by the number
of nulei per area of the liquid-hydrogen target. Statistial
unertainties and a t to the data are shown.
of the residues produed in
56
Fe+
nat
Ti (indiated by the
hathed area in the plot () of g. 3) from those of the
orresponding isotopes produed in the target of hydro-
gen stored in the ryostat, we ould obtain the measured
veloity distributions for the reation with the liquid hy-
drogen. The resulting yields are unambiguously disentan-
gled from any disturbing ontributions produed by other
material present in the target area. Finally, the veloity
spetra obtained for the
56
Fe+p system were divided by
the number of nulei per area of the proton target. The
resulting spetrum is shown in the diagram (d) of g. 3.
6In the ase of the
56
Fe+
nat
Ti system, we should onsider
that the target is onstituted of three omponents, the
titanium foils replaing the ryostat, the beam-urrent
monitor and the aelerator-vauum window, having a
number of nulei per area equal to n0, n1, and n2, re-
spetively. We should also reall that these omponents
are plaed at dierent distanes from the entrane of the
spetrometer and are subjeted to dierent values of the
angular aeptane, that is about α0 = 15.8 mr, α1 = 9
mr, and α2 = 7.8 mr, for the layers n0, n1, and n2, re-
spetively. Thus, the ross setions given in this work for
the "titanium" target are alulated using a target om-
position where the dierent layers are weighted by the
orresponding estimated transmission values T , assum-
ing idential prodution ross setions in the dierent
target omponents. In partiular, the veloity spetra
obtained for the
56
Fe+
nat
Ti system should be divided by
the quantity n0T (α0) + n1T (α1) + n2T (α2).
The experimental data are already omplete enough to
let us reognise an important signature of the Coulomb
repulsion: the double-humped spetrum reveals that the
veloity of
6
Li nulei emitted at small angles has two
omponents: one appreiably higher and one appreiably
lower than the beam. Aording to the referenes [46,
47, 48℄, where similar strutures have been observed for
ssion fragments, we may onnet the double-humped
spetrum to the ation of the Coulomb eld of a heavy
partner in the emission proess.
One hanged to longitudinal veloities in the beam-
frame vb||, the shift of the baryenter of the spetrum
with respet to zero is equal to the mean reation reoil
< vb|| >. Also this quantity, studied in the lower dia-
gram of g. 5, arries a valuable information about the
reation mehanism, and it an be related to the frition
suered by the projetile in the ollision, aording to a
given impat parameter [49℄. Due to the limited angu-
lar aeptane of the FRS whih favours the detetion of
heavier nulei, a depletion of the statistis for the mea-
surement of the lightest nulei is expeted when, as in
this ase, the light fragments are measured together with
the heaviest in the same magneti setting. Due to these
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FIG. 5: Top. Denition of the beam frame and of the 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of-mass frame of the emitting soure with respet to the labo-
ratory frame. The diagram orresponds to realisti onditions
of the present experiment for
6
Li. The solid lines desribe the
slowing down of the beam and of the entroid of the velo-
ity spetrum of
6
Li in traversing the target. Bottom. Mean
longitudinal reoil veloities in the beam frame < vb‖ > of
the reation residues ompared with the systematis of Mor-
rissey [49℄ (solid line); only isotopes with suient statistis
and entirely measured veloity spetra are onsidered.
problems, the mean veloities of the light residues an
only be determined with relatively large unertainties.
With these large unertainties, the information from the
mean veloities ould not be exploited. Although these
mean veloities also enter into the evaluation of the ross
setions, the unertainties they introdue are ompara-
ble to those from other soures. We preferred to dedue
the mean reoil veloities of lithium, beryllium, boron
and arbon by extrapolation from the systematis of the
data relative to the ensemble of the heavier residues.
III. RESULTS
A. Nulide ross setions
When a fragment is emitted with a large absolute ve-
loity v = |~v| in the enter of mass, not all the angles
of the orresponding veloity vetor ~v are seleted by
the nite angular aeptane of the spetrometer. As a
result of the data analysis detailed in the previous se-
tion, we obtain the measurement of the apparent ross
setion dI(v‖)/dv‖ as a funtion of the longitudinal ve-
loity v‖. This observed ross setion diers from the real
ross setion due to the angular aeptane. The dete-
7tion of a partile depends on the perpendiular veloity
v⊥ =
√
v2 − v2‖ in the enter-of-mass frame, the angle of
rotation around the beam diretion ϕ, and the veloity u
of the enter of mass with respet to the laboratory. The
dependene on ϕ omes about beause the beam pipe in-
side the quadrupoles is not ylindrial. To reonstrut
the full veloity distribution, independent of the angu-
lar aeptane of the spetrometer, an assumption on
the angular distribution is neessary. It was onluded
from experiments, to whih the full angular range was
aessible, that the data are in satisfatory agreement
with an isotropi emission (see, for example, the treat-
ment of Moving soure analysis presented in [50℄). This
assumption has been orroborated by a vast olletion
of data for reations of very dierent nature. Isotropi
emission has been observed either for lowly exited s-
sioning systems [6℄, or even for very highly exited nu-
lei undergoing expansive ow in thermal multifragmen-
tation [16, 17℄. At least the
56
Fe+p system an be safely
inluded in this range. Slightly less justied is the as-
sumption for
56
Fe+
nat
Ti, sine some eets of dynamial
multifragmentation ould disturb the isotropy.
Thus, if we assume isotropi partile emission in the
enter-of-mass frame, the variation of the ross setion
σ(v), as a funtion of the absolute veloity v, is related
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FIG. 6: Experimental isotopi prodution ross setions of
some light elements for the rea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Fe+p and 56Fe+natTi
at 1 A GeV. The ross setions related to the latter system
are saled of a fator 0.07. Numerial values are 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 prodution ross se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lides for the reations
56
Fe+p and 56Fe+natTi at
1 A GeV. The values for 54Mn in 56Fe+p and for 53Cr in
56
Fe+
nat
Ti were obtained from systematis.
to the variation of the apparent ross setion I(v‖) as a
funtion of v‖ by the equation (see appendix A 1):
dI(v‖)
dv‖
=
1
4π
∫ 2pi
0
dϕ
∫ √v2
‖
+v˜2⊥(ϕ)
|v‖|
1
v
dσ(v)
dv
dv , (3)
where v˜⊥ = v˜⊥(ϕ, u) is the highest value of v⊥ seleted
by the angular aeptane of the spetrometer, and ϕ is
the rotation angle around the beam diretion. As demon-
strated in the appendix A 2, it is possible to reverse the
relation (3) and extrat dσ(v)/dv by the straightforward
solution of a system of geometri relations. The forma-
tion ross setions are diretly obtained by integration of
dσ(v)/dv. In the appendix B, table I ollets the isotopi
ross setions for the prodution of light residues, from
lithium up to oxygen, measured in this work for the re-
ation
56
Fe+p and 56Fe+natTi. The distributions of the
formation ross setions evaluated for the two systems
56
Fe+p and 56Fe+natTi at 1 A GeV are presented in g. 6
for dierent elements as a funtion of the neutron number
and in g. 7, on the hart of the nulides. The extension
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FIG. 8: Experimental prodution ross setions as a funtion
of the mass number. The statistial unertainties are lower
than 10%. The systemati unertainties evolve from 10% for
the heavy residues lose to the projetile to 20% for the light
fragments.
of the prodution appears rather similar and, in parti-
ular, despite the expeted dierene in exitation energy
reahable in the ollisions with the two dierent targets,
the ross-setion distributions of the residues of the two
reations do not manifest drasti dierenes in their fea-
tures. A more quantitative revelation of this similarity is
presented in g. 8, where the mass distributions are om-
pared. The dierene in the shape of the mass spetra
is signiant only for the intermediate masses: the ross
setion of the residues of
56
Fe+p dereases from A = 30
to A = 18 by about one order of magnitude, while we
observe only a slight derease by about a fator of two
for
56
Fe+
nat
Ti. The data reveal that higher exitation
energy introdued by the interation with titanium, with
respet to proton-indued spallation, results in dereas-
ing the slope of the mass-spetra in the IMF-range and
depleting the ross setion for heavy residues in favour
of an enhaned prodution of light fragments. However,
the portion of the mass spetra orresponding to light-
partile emission follows a very similar exponential slope
for both systems.
B. Veloities
In the previous setion, the full veloity distributions
were reonstruted from the data and employed to obtain
the residue formation ross setions for the reations in-
dued by the proton and titanium target, respetively.
Though, the ross setions did not yield any unambigu-
ous distintion between the two reations that, indeed,
should result into rather dierent deexitation pitures
on the basis of the dierent thermal exitations reahed
in the two systems. On the ontrary, the partiularity of
the proton-indued spallation ompared to the titanium-
indued fragmentation arises strikingly when the kine-
matis of the light-partile emission is investigated. The
density of veloity vetors ~v in a plane ontaining the
beam axis is presented in g. 9. (As observed in the fol-
lowing, this presentation is equivalent to invariant-ross-
setion plots.) Thus, when we ompare the
56
Fe+p sys-
tem to the
56
Fe+
nat
Ti system on the basis of the reoil
veloity, we nd that substantially distint mehanisms
should be involved in the light-fragment emission in the
two systems. In the fragmentation reation indued by
the titanium target, all the residues are emitted aord-
ing to a bell-shape veloity spetrum. A long sequential
deay would produe this kind of shape; in this proess,
neutrons, protons and lusters are in fat emitted with
dierent angles with equal probability. Nevertheless,
due to the high exitation of the hot fragments gained
in suh a violent ollision, and due the exponential in-
rease of the ross setion of the light residues with the
mass loss, we are in favour of a multifragmentation pi-
ture to depit the dominant deexitation proess. In this
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FIG. 10: Veloity spe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lear hart. They are represented as a funtion of the velo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Crosses and points indi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tra dITi/dvb‖ and dI
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/dvb‖, respe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ned aording to eq. (3), and normalized
to the unit. They represent all fragments transmitted through the FRS. Reonstruted veloity spetra σTir and σ
p
r , dened
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tively. In the lower diagram, the
reonstruted spetra for
6
Li,
10
B and
12
C emitted from
56
Fe+
nat
Ti are superimposed as dashed lines for omparison.
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ase, the hot soure is expeted to undergo a fast ex-
pansion and suessively form several fragments. In this
senario [13℄, the emission veloity of a light residue ould
vary largely aording to dierent parameters: the par-
titioning in the multifragmentation event, the expansion
of the soure before the break-up phase, and the position
where the traked fragment is formed with respet to the
other fragments. Also this proess would result in a ve-
loity spetrum with a bell shape enterd at the mean
reoil veloity, equal to the shape we observe.
On the ontrary, when light fragments originate from
the
56
Fe+p system, the reation dynamis leads to the
population of one most probable emission shell in the ve-
loity spae, around the enter of mass. This is the ase
of
6
Li, as shown in g. 9. Only a forward and a bak-
ward portion of the emission shell ould be measured as
seleted by the onial ut that the spetrometer deter-
mined: this fully explains the double-humped veloity
spetra shown in g. 3.
The veloity distributions of the light fragments gener-
ated in the proton-indued reation arry the unambigu-
ous signature of a strong Coulomb repulsion in the emis-
sion proess. This observation evidently exludes that
the light fragments ould be the nal residues of a long
sequential evaporation hain. The strong Coulomb om-
ponent in the emission proess rather reets the domi-
nating inuene of a very asymmetri split of the soure.
We an now redue the representation of the reoil-
veloity distribution σ(v) to one dimension, seleting
only those veloities ~v aligned in the beam diretion, and
oupying only absissae in the plots of g. 9.
Due to our assumption of isotropy, we an dene ra-
dial veloity distributions dividing the dierential ross
setion dσ(v)/dv assoiated to a given veloity v in the
enter of mass by the spherial surfae of radius v:
σr(v) =
d3σ
d~v
=
1
4πv2
dσ
dv
, (4)
It should be remarked that either in the referene of the
enter of mass or in the projetile frame, γ is lose to
the unit and onsequently σr(v) is diretly related to the
invariant ross setion σI(v). Indiating m = γm the
mass of the partile, ~p = γ~p its momentum andE its total
energy in the enter of mass frame (or in the projetile
frame), we obtain the equality:
σr(v) =
m2c2
mc2
d3σ
d~p
=
1
c2
E
d3σ
d~p
= c−2σI(v) . (5)
Also the planar uts in veloity spae (vb‖, v
b
⊥) of g. 9
are equivalent to invariant-ross-setion plots [51℄.
As a tehnial remark, the advantage of inverse
kinematis ompared to diret-kinematis experiments
should be pointed out. The registration of emission ve-
loities lose to the veloity of the enter of mass of the
hot remnant are not prevented by any energy threshold.
Thus, only in inverse kinematis we an learly appreiate
the gradual transition from a haoti-dominated proess,
reeted in Gaussian-like invariant-ross-setion spetra,
to a Coulomb- (or eventually expansion-) dominated pro-
ess, produing a hollow around the enter of mass. This
harateristi signature we exploit resembles the investi-
gation of relative veloity orrelations between two frag-
ments [52℄ in full-aeptane experiments for analysing
deay times. In that ase, the probability to detet two
almost simultaneously emitted partiles in spae with
small dierenes in diretion is suppressed due to the
mutual Coulomb interation.
A systemati study of the spetra of lithium, beryl-
lium, boron and arbon is presented in g. 10 and om-
pared with the observed veloity distributions. In the
56
Fe+
nat
Ti reation, all spetra show a bell shape. In
the
56
Fe+p spallation, the double-humped distribution
appears learly for isotopes with mass lower than twelve
units. The shape of the veloity spetra depends mostly
on the mass rather than on the harge, and hains of
isotopes belonging to the same elements show a transi-
tion from a bell shape toward a double-humped spetrum
with dereasing mass. This transition is not always grad-
ual but, as revealed by the neighbouring
11
C and
12
C in
the lower panel of g. 10, sometimes seems to be rather
abrupt.
IV. DISCUSSION
A. Systematis of kinematial features
On the basis of the ensemble of experimental data on
the prodution ross setion and on the emission velo-
ity of the residues, we devote this setion to disuss the
reation phenomenology. In aordane to the vast lit-
erature dediated to ion-ion fragmentation (explored in
the reviews [13, 22℄), we an safely relate the
56
Fe+
nat
Ti
reation to the formation of highly exited systems, the
deay of whih is ommonly interpreted as a multi-body
instantaneous disassembly. In the following, we will refer
to the
56
Fe+
nat
Ti ollision as a guideline for omparing
to a fragmentation senario. We will rather onentrate
on the reation mehanism of the proton-indued olli-
sion, whih points to ompetitive types of deay at the
same time.
From a rst analysis, the main kinematial haraterit-
is of the
56
Fe+p system, realling a strong Coulomb re-
pulsion, evoate a binary deay proess.
On the other hand, other relevant features, like the
high prodution yields for both light and about half-
projetile-mass residues, ould evoate the harater of
a fast deay, in line with the senario of a sudden disas-
sembly of the soure depited for the
56
Fe+
nat
Ti system.
Our rst attempt will be to test the pertinene of the
experimental data on the emission veloities with a gen-
eral systematis. Afterwards, we will disuss the intri-
ay of the several possible ontributions to the spe-
tral shape of the kineti-energy distributions, and the
11
diulty to extrat insight on the exitation energies in-
volved in the reation diretly from the measurement.
1. Absolute-veloity spetra
A reurrent analysis of the Coulomb-repulsion aspets
is the omparison of the distribution of absolute velo-
ities of outgoing fragments v = |~v| (where ~v is the or-
responding veloity vetor in the enter of mass of the
hot remnant) with the systematis of total kineti en-
ergy released in ssion. We intend to follow this ap-
proah (e.g. [53℄) to test the ompatibility of the light-
fragment emission in
56
Fe+p with an asymmetri-ssion
piture. The FRagment Separator is partiularly e-
ient in measuring reoil veloities, beause the magneti
rigidity of the residues is known with high preision (see
setion II B). Indeed, the identity of the mother-nulei
is hidden in the omplexity of the interation proesses
related to high-energy ollisions, like the intra-nulear
asade and some evaporation events prior to the binary
deay. The present new data are espeially signiant as
they are the rst measurement of the veloities of frag-
ments issued of proton-indued splits of iron-like nulei.
On the other hand, ssion veloities of residues of light
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FIG. 11: Left panel Mean absolute veloities in the referene
frame of the enter of mass of the hot remnant, measured
for residues of the
56
Fe+p system (open irles) and dedued
from the systematis of Tavares and Terranova [56℄ (hathed
bands). The width of the hathed areas results from the range
of the possible mother nuleus from
46
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Fe (higher values). In the insert, data points on the total
kineti energy released in a symmetri split of nulei lose
to iron, measured by Grotowski et al. [54℄ are ompared to
the systematis of Viola [55℄ (dot-dashed line) and with the
systematis of Tavares and Terranova [56℄ (solid line). Right
panel Measured absolute-veloity spetra for the residues
6
Li,
10
B, and
12
C produed in the
56
Fe+p system. The arrows
indiate the values obtained by the systematis of Tavares
and Terranova.
nulei have been widely investigated in fusion-ssion ex-
periments [4℄, with the advantage of exluding most of
the ambiguities on the identiation of the ssioning nu-
leus. Data on symmetri ssion of nulei lose to iron,
formed in fusion reations were published by Grotowski
et al. [54℄ and where the basis for the revised kineti-
energy-release systematis of Viola [55℄. This systemat-
is establishes a linear dependene of the most probable
total kineti energy Etk released in a symmetri ssion to
the quantity Z2/A1/3, evaluated for the mother nuleus:
Etk = aZ
2/A1/3 + b , (6)
where A and Z identify the ssioning nuleus and a
and b are parameters tted to the experimental data
(a = (0.1189 ± 0.0011) MeV, b = (7.3 ± 1.5) MeV).
More reently, new data obtained for the binary split
of even lighter nulei than iron inspired Tavares and Ter-
ranova [56℄ to revisit the systematis of Viola one more.
The new systematis is lose to the systematis of Viola
for heavy nulei down to Z2/A1/3 ≈ 200. As shown in
the insert of g. 11, iron-like nulei onstitute a turn-
ing point: for lower masses the funtion hanges slope,
so that the total kineti energy released vanishes for Z
approahing 0. As antiipated by Viola [55℄, the expe-
tation for a slope hange around iron results by the eet
of diuseness of light nulei in disturbing the formation
of the nek, in the liquid-drop piture. The following
relation was dedued:
Etk =
Z2
aA1/3 + bA−1/3 + cA−1
, (7)
where a b and c are tting parameters (a =
9.39MeV−1, b = −58.6MeV−1, c = 226MeV−1).
Sine the systematis is valid for symmetri splits only,
a term should be added to extrapolate to asymmet-
ri splits, when two fragments are formed with masses
m1,m2, mass numbers A1, A2, and harges Z1, Z2, re-
spetively. Following the hypothesis of non-deformed
spheres at ontat (as also imposed in [56℄), the Coulomb
potential is proportional to the produt of the harges of
the ssion fragments Z1Z2, divided by the distane of
their enters, whih varies with A
−1/3
1 +A
−1/3
2 . The on-
version from the symmetri to asymmetri onguration
is therefore :
Etk
Etk,symm
=
Z1Z2/
(
A
1/3
1 +A
1/3
2
)
(
Z
2
)2/[
2
(
A
2
)1/3] . (8)
It should be remarked that the possible presene of a nek
is not inluded in this simple relation that, therefore, is
a good approximation for light systems only. From the
momentum onservation and the introdution of the re-
dued mass µ = m1m2/(m1 + m2), we an relate the
total kineti energy to the veloity v1 of the fragment A1
12
by the relation Etk = m
2
1v
2
1/2µ. Introduing the latter
form of Etk in the relations (8), and substituting the to-
tal kineti energy released in symmetri ssion with the
orresponding value given by the systematis Etsyst, we
obtain the onversion
v21
Etsyst
= 211/3
µ
m21
A1/3
A
1/3
1 +A
1/3
2
Z1Z2
Z2
. (9)
Following the strategy of previous publiations, e.g. [53℄,
for the same light residues we ompare the entroids of
the measured absolute veloity spetra to the predited
veloities in ssion events; the latter are dedued from
the systematis of total kineti energy released in ssion
by applying the relation (9). In the right side of g. 11
we observe that, while the most probable absolute ve-
loity does not diverge onsiderably from the systemat-
is (assumed for
56
Fe as mother nulei), the spetra of
lighter fragments exhibit a long exponential tail for very
high veloities. As a onsequene of the asymmetry of
the absolute veloity spetra with respet to a Gaussian
distribution, the experimental entroids lie above the s-
sion systematis, as shown in the left side of g. 11. The
hathed bands represent the range in veloity due to an
assumed variation of the mother nuleus from
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Ti (lower
veloities) up to the projetile (higher veloities). In pre-
vious works (e.g. [16, 53, 57℄) suh tails to very high ve-
loities, reeted in the divergene from the systematis,
were related to the emission from an expanding system
in its initial expansion stage.
2. Kineti-energy spetra
Diretly obtained from the absolute-veloity spetra,
the distributions of kineti energy Ek oer another rep-
resentation of the kinematis, where some more lassi
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FIG. 12: Kineti-energy spetra in the enter of mass of the
emitting soure obtained from the reonstruted experimental
veloity distributions in the ase of emission of
6
Li and
12
C,
respetively. The spetra are ompared for the
56
Fe+p system
(solid lines) and for the
56
Fe+
nat
Ti system (dashed lines).
All spetra are normalized to the same area. The smooth
distributions result from a spline t proedure to the data.
features ould be searhed for. In g. 12 similarities and
dierenes in kineti-energy spetra assoiated with pro-
ton and titanium target nulei are illustrated. The tails
to high emission veloities (g. 11, right panel) lead to
long tails in the kineti-energy spetra and haraterize
both systems. We interpret it as a general indiation that
the ollision generated very high exitation energy in the
system. It would be tempting to even dedue the ther-
mal properties of the system. In this ase, with partiular
onern for the
56
Fe+p system, we ould draw assump-
tions on the probability for break-up hannels. Unfortu-
nately, even if in some studies the nulear temperature
was dedued from the inverse slope parameter [20℄, the
mixing up of several eets in the observed kinematis
yields serious ambiguities in the extration of thermal
properties of the soure. We an list at least eight of the
ombined eets desribing the observed spetral shapes.
1. The presene of a Coulomb barrier results in the
deviation of the spetral shape from a Maxwell-
Boltzman distribution (the maximum moves to
higher values).
2. The transmission through the barrier is ruled by
a Fermi funtion with an inetion point at the
barrier and not by a disontinuous step funtion.
This eet introdues a widening of the spetrum.
3. As a result of the initial stage of the ollision, an
ensemble of several possible soures with dierent
Z and A are related to dierent Coulomb barri-
ers. The folding of dierent Coulomb barrier peaks
results in a broader hump.
4. If emitted nulei undergo further evaporation
events, the spetrum widens.
5. The temperature of the hot soure ats on the
reoil momenta of the emitted fragments. If at
least major disturbing eets like the variation of
the emitting soure, the Fermi momentum in the
hot fragmenting nuleus, desribed below, and the
transmission through the barrier were negligible, it
would be possible to dedue the temperature of the
equilibrated fragmenting system from the inverse
slope parameter tted to the tail of the high side
of the energy spetrum of the residues.
6. The Fermi momentum of partiles removed in the
ollision with protons or abraded in the intera-
tion with the titanium target produes a momen-
tum spread that ould be evaluated aording to
Goldhaber's formalism [58℄.
σ2pF = σ
2
F
Ai(A−Ai)
A− 1
, (10)
where A is the mass of the hot remnant, Ai is the
mass of the emitted luster and σF is the Fermi-
momentum spread. The momentum spread deriv-
ing from the Fermi-momentum spread produes a
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distribution of momenta of the enter of mass of the
remnants in the projetile frame. In deduing the
energy spetra of the residues in the frame of the
enter of mass of the remnant, the spread related
to the Fermi-momentum ould not be eliminated as
the mass of the remnants are unknown. As a result,
the Fermi-momentum ontributes both to widening
the spetrum and inrementing the tail for high en-
ergies. Quoting from Goldhaber [58℄, when a ther-
malised system with a temperature T and mass A
emits a luster of mass Ai, the momentum spread
of the fragment spetrum is
σ2p = m0kT
Ai(A−Ai)
A
, (11)
where m0 is the nulear mass unit and k is Boltz-
mann's onstant. The momentum spread σpF re-
lated to the Fermi momentum adds to the momen-
tum spread indued by the reation. This means
that, just reversing the previous relation, the ad-
ditional ontribution to the temperature related to
the Fermi momentum is equal to the apparent tem-
perature
TpF =
σ2pF
m0k
A
Ai(A−Ai)
. (12)
As it was remarked in early studies [59℄, the extra-
tion of the nulear temperature from the measured
energy spetra of the residues is therefore a danger-
ous proedure (a reent disussion of the problem
of the Fermi motion is presented in [60℄).
7. Multifragmentation events ould be aompanied
by the expansion of the nulear system. Nulei
emitted in the initial instant of the expansion would
populate the high-energy tail of the spetrum. This
is the ase for very exited systems [61℄.
8. The multipliity of intermediate-mass fragments
simultaneously emitted might be reeted in the
maxima. Aording to previous investigations [62℄,
a drop in the maximum energy of the outgo-
ing fragments in a simultaneous disintegration of
the soure indiates higher average multipliity of
intermediate-mass fragments: this is related to the
larger number of partiipants in the redistribution
of the kineti energy.
The last of the enumerated ontributions to the energy
spetra is evident in g. 12. In the proton-indued
ollision, the position of the maximum orresponds to
larger kineti energy than in the ase of the titanium
target. This might be related to higher multipliity of
intermediate-mass fragments for the
56
Fe+
nat
Ti system.
From the analysis of veloity and energy spetra we
onlude that no lear evidene of the ation of a s-
sion barrier ould be found. Either ssion hannels are
not favoured, or other proesses obsured them, like ad-
ditional evaporation stages or the ontribution of many
mother nulei rather dierent in mass. The most relevant
result is the manifestation of high-veloity tails, whih we
interpreted as possible indiations of a preequilibrium ex-
pansion phase.
B. Nulear-model alulations
We had some hints that very highly exited systems
are formed even in the
56
Fe+p interation, but we ould
not extrat quantitative values diretly from the exper-
iment. We ould not reognise the presene of a ssion
barrier, but a more omplete analysis is required to ex-
lude that solely ompound-nuleus deays are suient
to explain the light- fragment prodution. Thus, we wish
to arry out a omplete reonstrution of the whole rea-
tion proess and ompare the ensemble of experimental
results with the alulations.
Heneforth, we will restrit to the
56
Fe+p system. In
partiular, we will disuss two possible desriptions for
the dominant proess of light-fragment formation: either
a series of ssion-evaporation deays from a ompound
nuleus, or a fast break-up of a diluted highly exited
system, in line with a multifragmentation senario. To
x the initial onditions for the two deay models, we
previously need to alulate mass, harge and exitation-
energy distributions of hot remnants, as these quantities
are not observable in the experiment.
1. Calulation of the exitation energy of the hot ollision
remnants
The initial non-equilibrium phase of the interation
56
Fe+p was desribed in the framework of the in-
tranulear asade-exiton model developed by Gudima,
Mashnik and Toneev [63℄. The model desribes the in-
teration of an hadron or a nuleus traversing a heavy
ion, onsidered as a nite open system, omposed of
two degenerate Fermi gases of neutrons and protons in a
spherial potential well with diuse surfae. The intera-
tion, pitured as a asade of quasi-free nuleon-nuleon
and pion-nuleon ollisions, produes high-energy eje-
tiles, that leave the system, and low-energy partiles that
are trapped by the nulear potential. As many holes as
the number of intranulear ollisions are produed in the
Fermi gas. The number of trapped partiles and the num-
ber of holes (or exitons, without distintion) determines
the exitation energy of the so-alled omposite nuleus.
Hot remnants are often treated as equilibrated or par-
tially equilibrated systems, both in the ase of ompound-
nuleus formation and at a freeze-out state. Thus, an
additional thermalization proess might be neessary to
desribe the transition from the initial non-equilibrium
phase of the ollision to the equilibrium phase governing
the deay. Following the hypothesis of the preequilib-
rium exiton model, the intranulear asade ontinues
to develop through the omposite nuleus by a sequene
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of two-body exiton-exiton interations, until equilib-
rium is attained. Two kinds of deay haraterize the
omposite nuleus: either the transition to a more om-
pliated exiton state, or the emission of partiles into
the ontinuum. While in Grin's model [64℄ all deays
are equiprobable, suessive developments proposed more
elaborate desriptions of the ompetition between deay
modes. However, when the onditions of the interation
lead to multifragmentation, the evolution of the ompos-
ite nuleus is more ompliated, as the system is sup-
posed to expand. In the ourse of the expansion proess,
an intense disordered exhange of harge, mass and en-
ergy among its onstituents is expeted. The density of
nulear matter evolves to a more dilute state, the freeze-
out, at whih breakup ours. Sophistiated thermal-
expansion models were speially developed to desribe
this thermalization proess [16, 21℄. Nevertheless, in our
alulation we were less spei and we adopted Blann's
preequilibrium exiton model [65℄, independently of the
deexitation senario.
In g. 13 we present a alulation of the hot-fragment
distribution generated in the intranulear asade with
and without the inlusion of a preequilibrium stage, re-
spetively. More quantitatively, in g. 14 the proje-
tions of the distribution are shown as a funtion of the
exitation-energy-to-mass ratio and mass. We observe
A
Ex
ci
ta
tio
n 
en
er
gy
 o
f h
ot
 re
m
na
nt
s  
[M
eV
]
Preequilibrium
excluded
Preequilibrium
included
    0
  50
100
150
200
250
300
350
40 45 50 55 30 35 40 45 50 55
1
2
5
6    M
eV
E  
 
*
 
 
 
 
/A 
=
 
 
 
 
 
 
 
7
 
 
 
 
 
 
 
Me
V
1
2
3
Ar40
Ca43
Ca44
Ti46
Cr51
FIG. 13: Hot-fragment distributions generated in the in-
tranulear asade [63℄, in the ase of exlusion (left) and in-
lusion (right) of a preequilibrium stage [65℄, for the
56
Fe+p
system. Straight lines dene onstant values of exitation en-
ergy per nuleon, indiated in MeV. Five seleted isotopes
orrespond to the most probable mass and nulear harge for
a given exitation energy per nuleon.
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FIG. 14: Calulated prodution of the hot fragments after the
intranulear asade (modelled aording to [63℄) and a pree-
quilibrium stage (simulated aording to [65℄), for the
56
Fe+p
system. The ross setions of the hot fragments are shown
as a funtion of the exitation energy per nuleon E∗/A of
the soure (bottom-left) and the mass number (top-right).
The mass distribution of ross setions of the hot fragments
is ompared to the experimental nal-residue prodution.
that preequilibrium is partiularly eetive in evauating
part of the exitation energy and widening the distribu-
tion as a funtion of the mass. The hot-fragment mass
distribution is ompared to the measured prodution of
the nal residues, in order to indiate the extension of
the deexitation proess.
When preequilibrium is suppressed, the energy per nu-
leon available for the deexitation largely exeeds 2.5
MeV, a value that orresponds to the temperature of
around 5 MeV, for a fully thermalised system. In this
ase, the multifragmentation regime is aessible. If pree-
quilibrium is inluded, the average exitation of the sys-
tem extends still right up to the expeted threshold for a
freeze-out state. Hene, aording to this previous step
of the alulation, osillations in diretion to break-up
deays might be possible. Indeed, at these exitation en-
ergies break-up hannels are expeted to be still in om-
petition with ompound-nuleus deay. We will proeed
to evaluate the extent of this ompetition by the use of
deexitation models.
2. Sequential ssion-evaporation deay
In order to desribe the deexitation proess in the
framework of sequential ssion-evaporation deays, we
applied the ode GEMINI [66℄. Within GEMINI a spe-
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ial treatment based on the Hauser-Feshbah formalism
is dediated to the emission of the lightest partiles, from
neutron and proton up to beryllium isotopes. The for-
mation of heavier nulei than beryllium is modelled a-
ording to the transition-state formalism developed by
Moretto [5℄. All asymmetri divisions of the deaying
ompound nulei are onsidered in the alulation of
the probability of suessive binary-deay ongurations.
The total-kineti-energy release in ssion originally pa-
rameterised aording to the systematis of Viola [55℄,
eq. (6),was replaed by the systematis of Tavares and
Terranova [56℄, formulated aording to the relation (7),
and extrapolated for asymmetri splits by the use of the
onversion (9).
We simulated the deay of two possible ensembles of
hot remnants, those issued diretly from the stage of in-
tranulear asade, and those whih lost part of exita-
tion energy and mass in a preequilibrium phase. The
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FIG. 15: Comparison of the measured mass distributions as
a funtion of the mass number for the system
56
Fe+p with
the results of GEMINI (upper part) and SMM (lower part).
SMM is more sensitive than GEMINI to the eet of a pree-
quilibrium phase.
resulting distributions of nal residues are almost indis-
ernible, revealing that the intermediate-mass fragments
(espeially those around oxygen) are not espeially sen-
sitive to the variation of average exitation energy of
the system. It might be also pointed out that, when
very hot fragments are allowed to deay by solely ssion-
evaporation hannels, many nuleons and some light lus-
ters are liberated at the very beginning of the deexi-
tation, before eventually forming an intermediate-mass
fragment by ssion. When the preequilibrium phase is
suppressed, this preliminary emission ould onstitute a
ompensating proess. In average, the relation between
energy loss and mass loss ould be similar in the two pro-
esses, and lead to analogous results. The dierene is
only oneptual, as the preequilibrium ats on a system
still evolving toward thermalization, and partile evapo-
ration is onneted to a ompletely thermalised system.
Only lithium and beryllium revealed a visible enhane-
ment in the yields with the inrease of average exitation
energy.
The result of the model alulation, ompared with the
measured ross setions is presented in the upper side of
g. 15. The evaluation of the heavy-residue ross setions
is onsistent with the experimental data, but a sizeable
underestimation of the prodution fails to reprodue the
intermediate-mass region. Espeially the prodution of
the residues populating the harateristi hollow in the
mass distribution reveals to be generally underestimated
by the alulation. To omplete the omparison, we turn
now bak to the rst key observable found in our exper-
imental investigation: the veloity spetra of light frag-
ments. In the rst row of g. 16 the experimental spetra
of
6
Li,
10
B,
11
C and
12
C are shown, together with their
veloity reonstrution (solid line). Within GEMINI, all
deays are deorrelated in time and when more fragments
are produed they do not interat in the same Coulomb
eld. Binary ompound-nuleus emission is onneted
with a restrited range of heavy soures lose to the pro-
jetile mass, reeted in the small width of the Coulomb
peaks, as shown in the seond row of g. 16. This feature
haraterizes only the formation of the lightest fragments
and disappears with inreasing mass of the residues. The
alulations presented in the seond row of g. 16 should
not be ompared to the experimental data. The eet of
the Coulomb repulsion involved in the deexitation and
disentangled from the smearing eet of the intra-nulear
asade and preequilibrium emission an be appreiated
in the third row of g. 16, where the referene frame
has been xed to the enter of mass of the initial sys-
tem formed at the beginning of the ssion-evaporation
proess. In the alulation, the transformation of the
two Coulomb peaks into one single wide hump ours for
lower masses than experimentally observed. The model
generates one single hump in the longitudinal veloity
spetra of light fragments when a longer evaporation as-
ade is involved, and haraterized by mainly alpha and
nuleon emission. Moreover, the total width of the al-
ulated spetra is narrower than observed.
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FIG. 16: First row: Experimental veloity spetra (irles) and reonstruted veloity spetra (solid line). Eah spetrum is
drawn in the referene frame orresponding to the measured average veloity value of the fragment onsidered. (This frame
orresponds to the "enter of mass" frame of the reation produt drawn in g. 5) Seond row: Calulated veloity spetra
obtained by GEMINI or SMM following INC and the preequilibrium stage, and from SMM following diretly INC. Eah
spetrum is drawn in the referene frame orresponding to the alulated average veloity value of the fragment onsidered.
Third row: Veloity reoil introdued by the GEMINI or SMM phase alone (reoils by INC and preequilibrium stages not
inluded). All spetra are normalized to the unit.
3. Fast break-up
We imputed the underestimation of intermediate-mass
fragment formation to an inomplete desription of the
most highly exited deaying systems when solely ssion-
evaporation deexitation was onsidered. In this respet,
we turned to the Copenhagen-Mosow statistial multi-
fragmentation model (SMM) [11, 13℄, that is the exten-
sion of the standard statistial evaporation-ssion piture
toward high exitation energies, treated by adding the
fast simultaneous disassembly of the system as a pos-
sible deay hannel. The hybrid model of intranulear
asade followed by SMM was already applied in previ-
ous studies of proton-indued reations [67, 68℄ for the
desription of similar experimental data. In the frame-
work of SMM, the evaporation from the ompound and
ompound-like nulei is inluded and, therefore, at low
exitation energies, if the hannels with prodution of
ompound-like nulei dominate, SMM gives results simi-
lar to GEMINI. In partiular, the statistial luster evap-
oration is treated within the Weisskopf formalism, ex-
tended to the emission of nulei (in their ground state
or available exited states) up to
18
O [69℄. On the other
hand, when very high exitation energies are reahed in
the ollision, the system is assumed to be diluted and
to have attained the freeze-out density ρb. In previous
studies [12℄ ρb was alulated to evolve as a funtion
of the exitation energy per nuleon toward an almost
asymptoti value equal to 1/3 of the ground-state den-
sity ρ0 for high exitation energies (E
∗/A > 5 MeV). In
the present alulation, an energy-dependent free volume
is used to determine the probability for dierent break-
up partitions. On the other hand, for the alulation of
the Coulomb interation among fragments the freeze-out
density ρb is introdued as a xed quantity, equal to the
asymptoti value ρb = ρ0/3. Aording to the physial
piture, when the region of phase (spinodal) instability
is reahed, at least partial thermodynami equilibrium
is expeted and the fragment formation takes plae a-
ording to haoti osillations among dierent break-up
ongurations, from event to event. In SMM, within the
total aessible phase spae, a miroanonial ensemble
of all break-up ongurations, omposed of nuleons and
exited intermediate-mass fragments governs the disas-
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FIG. 17: The hathed areas represent portions of the residue
prodution alulated with SMM, subdivided aording to dif-
ferent multipliities of intermediate-mass fragments (having
A>4). The total prodution measured experimentally (dots)
and alulated (solid line) is superimposed for omparison.
The alulation disregards preequilibrium in the left diagrams
and inludes preequilibrium in the right diagrams.
sembly of the hot remnant. The probability of dierent
hannels is proportional to their statistial weight. Sev-
eral dierent break-up partitions of the system are pos-
sible.
In g. 15, the alulation based on SMM reveals to
better desribe the reation in omparison to GEM-
INI. It should also be observed that the prodution of
intermediate-mass fragments is sensitive to the exita-
tion energy of the soure. A more detailed view on the
reonstrution of the reation mehanism is presented in
g. 17, where the multipliities involved in the fragment
formation are investigated. The major ross setions are
fully determined by evaporation deays. This is true for
the alulation where preequilibrium is inluded. On the
ontrary, when preequilibrium is exluded, a depletion of
the heavy evaporation residues arises as a result of the ex-
essive enhanement of higher-multipliity modes (lus-
ter emission and multifragmentation). The intermediate-
mass fragments are almost totally produed in binary de-
ays of mainly break-up harater. Multifragment emis-
sion hannels (with multipliity mainly equal to three)
have a minor ontribution in the deay of the thermalised
system but, when preequilibrium is disregarded, their in-
idene is in strong ompetition with binary splits. We
might onlude that a onsistent desription of the pro-
dution of fragments ould be found in between these two
approahes.
We an extend the investigation to the exitation en-
ergies onneted to the prodution of fragments with dif-
ferent masses. Aording to the alulation presented
in g. 18 (now performed only inluding the preequilib-
rium phase), intermediate-mass fragments are almost all
formed in the deay of highly exited remnants, with ex-
itation energy per nuleon above 2.5 MeV.
An experimental indiation of how multipliity is re-
lated to the exitation energy is suggested by g. 8 and
the upper diagram of g. 19, where the ratio of the
sum of the individual prodution ross setion in the
two reations and the total ross-setion ratio are om-
pared. The latter is alulated aording to the model of
Karol [70℄. The prodution ross-setion ratio sales with
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FIG. 18: Dierent portions (hathed areas) of the residue
prodution alulated with SMM are seleted aording to
dierent ranges in the exitation energy per nuleon E∗/A of
the soure. The alulation is performed only for the ase of
inlusion of preequilibrium. The total prodution measured
experimentally (dots) and alulated (solid line) is superim-
posed for omparison.
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FIG. 19: Upper part. Experimental data on the prodution
ross-setions ratio as a funtion of the mass number for the
reation
56
Fe+
nat
Ti versus the reation
56
Fe+p. The data
are ompared with the ratio of total nulear ross setions
for the two reations, alulated aording to the model of
Karol [70℄. Lower part. SMM alulation of the probabil-
ity for the formation of a residue as a funtion of the mass
number and the multipliity. The multipliity is intended as
the number of projetile-like residues heavier than an alpha
partile produed in one ollision.
the total ross-setion ratio only in the region of higher
masses, presumably oming from more peripheral olli-
sions, while it deviates for lighter masses. The deviation
must be related to the dierent mean multipliities in
the two reations: lighter masses are more populated in
the
56
Fe+
nat
Ti reation, and great part of this inrease
might be related to higher multipliities. The observation
of the gradual inrease of multipliity with the exitation
of the system, veried in the alulation of dierent yield
spetra assoiated to dierent energy ranges of hot rem-
nants, ould be followed further when extending to the
56
Fe+
nat
Ti reation. As pitured in the lower plots of
g. 19, this behaviour is well reprodued by alulations
with SMM. In this respet, the light-residue prodution
haraterizing the
56
Fe+p system might just be inter-
preted as the early onset of the proess that will govern
the deay of the
56
Fe+
nat
Ti system.
To onlude this setion on model alulations, we fo-
us one more on the veloity spetra of the light frag-
ments shown in g. 16. We already disussed the di-
ulty to ombine the wide shapes of the veloity spetra
and their mean values with a ssion barrier. We inferred
that the extensions of the veloity distributions to very
high veloities might reet higher kineti energies than
an asymmetri ssion proess ould release. Consistently
with this expetation, on the basis of model alulations
we ould onnet the prodution of light residues to very
high exitation energies of the soure. Above around
2.5 MeV of exitation energy per nuleon, the proess of
light-residue prodution is still presumably dominated by
binary deays, but the ontribution of disintegration in
more fragments is not exluded. In this ase, parts of the
distribution orresponding to smaller veloities should be
more populated than in a purely binary split. In the rep-
resentation of g. 16, this ontribution would ll more
entral parts of the spetra when lower asymmetry har-
aterizes the break-up partition. In a statistis of events
where three about-equal-size fragments are produed si-
multaneously, the veloity spetrum of any of them will
be Gaussian-like. If three fragments are produed, of
whih two are onsiderably lighter than their heavy part-
ner, the veloity spetra σr of the two light ejetiles will
be double humped. Another ontribution in populating
lower veloities ould be assoiated to dierent break-
up ongurations, where the partner or the partners of
the light residue have dierent masses. In this ase,
the spetrum is the folding of several binary-like om-
ponents haraterized by dierent spaing between the
two maxima and dierent widths around the maxima, all
this resulting in the superposition of two (bakward and
forward) triangular-like distributions that ould eventu-
ally merge in a general bell-shape. We might also on-
sider standard evaporation ooling down the break-up
residues, emitted in some exited states. In this ase,
the seondary slow emission proess operates outside
of the ommon Coulomb eld of the fragmenting rem-
nant, and would produe a general widening of the spe-
trum around its maxima. As portrayed in the seond
row of g. 16, SMM desribes very onsistently the ex-
perimental spetra. In the third row the eet of the
Coulomb interation and eventually the expansion is il-
lustrated by referring to the enter of mass of the system
formed right after the intra-nulear asade and the pree-
quilibrium, if inluded. SMM alulates the Coulomb in-
teration between fragments by plaing them inside the
freeze-out volume ρb. Contrarily to GEMINI, it takes
into aount dierent positions of the fragments, inlud-
ing two-body and many-body partitions. Some multi-
fragmentation hannels may resemble a two-body proess
even at relatively high exitation energy. These hannels
an also inlude additional small fragments whih may
look like evaporation ones. However, these additional
small fragments an essentially hange the Coulomb in-
teration in the volume and the thermal energy in the
system, and inuene the kineti energies of the main
two fragments. The binary harater haraterizing the
experimental results is properly reprodued and the ve-
loity distributions alulated with SMM are wider than
those obtained from GEMINI. As shown in g. 20, the
gradual lling of the enter of the spetra ould be re-
lated to dierent break-up ongurations and to possible
multibody disintegration. The abrupt hange of shape in
passing from
11
C to
12
C (orretly reprodued by SMM)
might be related to the more favoured evaporation han-
nel toward the formation of
12
C, that ould ollet several
dierent deay proesses and evaporation deays from
neighbouring nulei. This preferential deay toward
12
C
smears out any binary harater of the spetrum. As
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FIG. 20: Contribution of dierent multipliity hannels
(A>4) to the veloity spetrum of
6
Li, as alulated by SMM.
The representation is the same as in the seond olumn of
g. 16.
the break-up onguration varies with the mass and the
harge of the end-produt, it varies also with the exita-
tion energy available for the disassembly of the hot rem-
nant. This was evident in g. 17, where we ompared
the prodution ross setions of the residues, and it is
also evident in g. 16, by analysing the veloity spetra.
It is evident that the suppression of the preequilibrium
indues a smearing eet on the spetra. This eet is
dramati for
6
Li as the double-humped spetrum is om-
pletly smeared out in one large single hump with a at
top, and it beomes similar to the veloity spetrum of
6
Li produed in the even more exited
56
Fe+
nat
Ti sys-
tem.
V. CONCLUSION
The mehanisms of light-partile emission from two
systems,
56
Fe+p and 56Fe+ natTi at 1 A GeV, have been
investigated. The latter was regarded as a baseline for
very high-energy proesses (multifragmentation). We fo-
used mainly on the proton-indued reation. The er-
tain understanding that we ould attain from the analysis
of the
56
Fe+p system is that light residues are produed
in the deay of highly exited remnants. Furthermore,
from a more quantitative disussion, we inferred that the
emitting soure should also be heavy and lose to the pro-
jetile mass. The magnitude of the Coulomb repulsion,
together with the very high formation yields even sug-
gested that an asymmetri break-up proess, hardly on-
neted to asymmetri ssion or statistial luster emis-
sion, might be the favoured hannel of light-residue pro-
dution. These ndings were derived from experimen-
tal observables like the isotopi ross setions measured
for the whole ensemble of the residues, and the velo-
ity distributions of the emitted fragments in the proje-
tile frame along the beam axis. Espeially the shape of
the veloity spetra oered us a mirosopi insight into
the mehanisms of light-partile emission. In analysing
the features of the veloity spetra, we failed in desrib-
ing the kinematis within a general systematis of s-
sion total-kineti-energy release. A omplete simulation
of the whole reation proess, where sequential ssion-
evaporation deays govern the deexitation, ould not
onsistently desribe the gross experimental features of
the deay.
We suggested that the harateristis of the kinematis
and the prodution of light partiles ould arry india-
tions of fast asymmetri splits. A novel desription of
the omplete reation proess, inluding hannels of fast
break-up deays revealed to be more adapted in depiting
the deay of the most highly exited remnants, and was
ompatible with the high yields for light residues and the
omplex shapes of the veloity spetra. Enouraged by
this onsisteny and, rst of all, on the basis of previous
theoretial and experimental results (see referenes in the
setion IV), we suggested that protons at inident ener-
gies of 1 A GeV traversing iron-like nulei an introdue
very high thermal exitation energy per nuleon in the
system, even above 2.5 MeV. Suh a thermal exitation
ould lead to attain freeze-out onditions.
We assume that if the exitation energy is high but
not suient to lead to freeze-out, the system might still
expand, but without reahing the break-up phase, the ex-
pansion subsequently reverses to ompression in a path
toward the formation of a ompound nuleus . This be-
haviour might our before the nuleus ools down by
ssion-evaporation deays. On the ontrary, when the ex-
itation energy is just suient to aess break-up han-
nels, partitions with low multipliity of intermediate-
mass fragments and high asymmetry are favoured: the
deay results mainly in the simultaneous formation of one
heavy residue, with mass lose to the hot remnant, and
one or more light lusters and nuleons. As an extreme
ase, two fragments rather asymmetri in mass may be
formed in the same fast break-up proess. The forma-
tion of light fragments in the
56
Fe+p reation ould be
explained by this piture.
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APPENDIX A: THE VELOCITY
RECONSTRUCTION
1. Demonstration of the relation (3)
We desribe hereafter the derivation of the equa-
tion (3), whih onnets the measured spetra
dI(v‖)/dv‖ as a funtion of the longitudinal veloity om-
ponent v‖ in the enter-of-mass frame to the ross-setion
variation in veloity spae in the enter-of-mass frame. In
a general ase, the latter distribution is not isotropi, but
a funtion of the absolute veloity v, the polar angle from
the beam diretion θ, and the azimuthal angle around the
beam axis ϕ. It will be denoted as d3σ/(dv dΩ), where
Ω is the solid angle. The veloity omponent orthogonal
to the beam axis is v⊥. The ontribution to the experi-
mental yield in the interval [v‖, v‖ +∆v‖] is obtained by
integrating v⊥ in the slab orthogonal to the beam axis :
dI(v‖)
dv‖
=
∫∫
d3σ
d~v
v⊥ dv⊥ dϕ (A1)
=
∫∫
1
v2
d3σ
dv dΩ
v⊥ dv⊥ dϕ . (A2)
For the orthogonal veloity integration the lower limit is
0 and the higher limit is related to the angular aep-
tane of the spetrometer. Sine the latter is not nees-
sarily irular, it an depend on ϕ and will be denoted as
α(ϕ). The maximal orthogonal veloity may be derived
from the Lorentz transformation of the momentum and
it reads : v˜⊥(ϕ) = γ(u + v‖)α(ϕ), where u and γ are
the veloity and the Lorentz fator of the enter of mass
in the laboratory frame, respetively. Introduing these
limits in the integration, we write :
dI(v‖)
dv‖
=
2pi∫
0
 v˜⊥(ϕ)∫
0
1
v2
d3σ
dv dΩ
v⊥ dv⊥
dϕ . (A3)
Changing the integration variable from v⊥ to v =√
v2‖ + v
2
⊥ we obtain :
dI(v‖)
dv‖
=
2pi∫
0

√
v2
‖
+v˜2
⊥
(ϕ)∫
|v‖|
1
v
d3σ
dv dΩ
dv
 dϕ . (A4)
In the ase of an isotropi veloity distribution,
d3σ/(dv dΩ) redues to (1/4π)(dσ/dv) whih, substi-
tuted in eq. (A4) gives eq. (3).
2. Reversibility of the relation (3)
The physial quantity of interest in equation (3) is the
term dσ/dv, desribing the variation of the ross se-
tion σ(v) as a funtion of the absolute veloity v in the
enter-of-mass frame, whereas the measured quantity is
the left-hand term dI(v‖)/dv‖, representing the variation
of the apparent ross setion as a funtion of the longitu-
dinal veloity omponent v‖ in the enter-of-mass frame.
In priniple, equation (3) ould not be inverted in an un-
ambiguous way for general shapes of the dσ/dv funtion.
However, for the restrited shapes desribing the data,
this inversion beomes possible. This is partiularly the
ase if this funtion is supposed to derease monotoni-
ally to 0 at large v and if dI(v‖)/dv‖ also follows the
same behaviour at large |v‖|, as it is evident from g. 3.
The inversion proedure an be desribed as follows.
Let's onsider a given bin in longitudinal veloity dened
by the interval [v‖, v‖ + ∆v‖]. The yield for this bin is
(dI(v‖)/dv‖)/∆v‖, while the orresponding integral over
v in equation (3) extends from v‖ to
√
v2‖ + v
2
⊥. This
domain is depited by the thik segment in g. 21. Let us
assume that the values of the funtion dσ/dv are known
over this interval and that they omply to equation (3).
v||-∆v||
v||
(v||-∆v|| )2+v2⊥√

v||
2+v2⊥√

0 v
FIG. 21: Integration domains of eq. (3).
We onsider now the v‖ bin loated between v‖ −∆v‖
and v‖, for whih the integration extends from v‖ −∆v‖
and
√
(v‖ −∆v‖)2 + v
2
⊥ as shown by the thin segment
above the axis in g. 21. It an be seen that this seg-
ment has a large overlap with the previous one, provided
∆v‖ is small enough. If this were not the ase, the inver-
sion proedure would even be simplied as dσ/dv would
be diretly proportional to the yield divided by the in-
terval length, provided that the yield has a low variation
over ∆v‖. In the ase of overlap of the two integration
segments, as shown in the gure, the variation of the
yield omes only from the values of dσ/dv at the edges.
If the value is known on the right non-overlapping ex-
tremity, the variation between the two adjaent v‖ bins
delivers the value on the left non-overlapping extremity.
The proedure an be ontinued for lower v‖ bins, xing
the values of the funtion for dereasing values of v.
So far, no spei assumption has been made exept
that the funtion dσ/dv is known over a given inter-
val. This an be pratially ahieved if one assumes that
dσ/dv vanishes at large v values and that, as a onse-
quene, also the yield drops. By onsidering a large v‖
value for whih the yield is null, we an take a null dσ/dv
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over the orresponding interval and start the proedure
of reversion. This presription for the starting point an
also be extended to regions where the yield does not fade :
for v‖ ≫ v˜⊥ the length of the integration interval de-
reases as v˜2⊥/(2v‖), whih beomes small ompared to
the harateristi variation length of dσ/dv. In this ase,
the latter an be assumed onstant over the interval and
its value dedued straightforward from eq. (3). The de-
pendene of v˜⊥ on ϕ only slighly hanges the proedure,
while the sheme remains the same.
The yields measured for the forward emission (v‖ > 0)
are expeted to dier from those assoiated to the bak-
ward (v‖ < 0) emission. Nevertheless, in the ideal ase
of a perfetly isotropi emission with respet to the en-
ter of mass, the resulting ross setions σ(v‖ > 0) and
σ(v‖ < 0) restrited to only-forward and only-bakward
emission, respetively, should be idential. The dier-
ene |σ(v‖ > 0) − σ(v‖ < 0)| an be an indiation of
the unertainty introdued in the extration of the ross
setion σ(v) by the assumption of isotropi emission.
APPENDIX B: ISOTOPIC CROSS SECTIONS
TABLE I: Spallation and fragmentation residue isotopi ross
setions measured in this work for the formation of Li, Be, B,
C, N and O in the reation
56
Fe+p and 56Fe+natTi, respe-
tively.
Isotope
56
Fe+p, σ [mb℄ 56Fe+natTi, σ [mb℄
6
Li 14.89 ± 1.5 128.50 ± 12.9
7
Li 3.06 ± 0.3 103.46 ± 10.3
7
Be 3.09 ± 0.3 62.28 ± 6.2
9
Be 2.11 ± 0.2 29.88 ± 3.0
10
B 2.03 ± 0.2 35.06 ± 3.5
11
B 3.82 ± 0.4 61.58 ± 6.2
12
B 0.36 ± 0.04 9.56 ± 1.0
11
C 1.12 ± 0.1 16.02 ± 1.6
12
C 4.69 ± 0.4 62.50 ± 6.3
13
C 2.76 ± 0.3 37.59 ± 3.6
14
C 1.87 ± 0.2 14.74 ± 1.5
13
N 0.14 ± 0.01
14
N 1.25 ± 0.1 18.67 ± 1.9
15
N 2.97 ± 0.3 37.33 ± 3.7
16
N 0.33 ± 0.03 5.04 ± 0.5
17
N 0.11 ± 0.01 2.44 ± 0.2
18
N 0.01 ± 0.001
14
O 0.01 ± 0.001
15
O 0.33 ± 0.03 5.91 ± 0.6
16
O 2.78 ± 0.3 36.62 ± 3.7
17
O 1.46 ± 0.1 15.58 ± 1.5
18
O 0.75 ± 0.08 9.12 ± 0.9
19
O 0.13 ± 0.01 1.99 ± 0.2
In the subsetion II B we desribed how ross setions
ould be extrated from the measured longitudinal ve-
loity spetra. The results are presented in table I with
the statistial unertainties. In appendix A the numeri-
al tool used in our analysis was presented. It should be
observed that our veloity-reonstrution method allows
to obtain ross setions for isotopes of whih at least a
half of the longitudinal veloity spetrum is measured.
In this ase, some needed parameters like the mean re-
oil veloity or the width of the distribution ould be
extrapolated from neighbouring isotopes. On the other
hand, the whole proedure is valid up to a ertain ex-
tent: due to the assumption of isotropi emission, ideal
ases should result into equal (equal area and equal en-
troid) absolute-veloity distributions dedued from the
forward and the bakward part of the measured longitu-
dinal veloity distributions. Deviations from this ideal
ase derive either from the physis of the reation pro-
ess, that ould dier from a purely isotropi emission ,
or by the lak of statistis in some parts of the spetrum,
resulting in ompliating the onvergene of the numer-
ial alulation. This leads to results that utuate by
10% in the average. We take this value as the statistial
unertainty (and not simply the statistis of ounts).
The systemati unertainties are in general very small
in FRS measurements of spallation residues. Indeed they
rise to onsiderably high values when the measurement is
dediated to fragments having very high veloities in the
projetile frame. This is the ase of very light fragments
emitted in ssion-like events or in break-up proesses.
The largest soure of unertainty is the angular aep-
tane. Heavy residues, lose to the projetile mass are
emitted very forward, and the angular aeptane is lose
to 100%. On the ontrary, light fragments are strongly
aeted. The multipliity of the intermediate-mass frag-
ments ould not diretly be measured. From physial
arguments we ould safely infer that light fragments are
emitted in events with multipliity (of fragments with
A>4) prevalently equal to two. Indeed we ould not
exlude the possible ontribution of higher multipliity
proesses. We estimated the systemati unertainty to
be up to 30%.
It might be remarked that the greatest ontribution
to the total unertainty omes from the systemati un-
ertainty. On the other hand, the ross-setion ratios of
dierent nulides are very onsistent as they are related
to small statistial unertainties.
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